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Abstract : A continuous unidirectional solidification equipment with the advantages of electric-slag re melting ,

induction heating , continuous casting and unidirectional solidification was built to study the QAI9-4 Cur Al al-

loy . The results show that the electro-slag induction continuous unidirectional solidification process can be used

for the steady continuous unidirectional solidification of QAI9-4, and revitalizes the dowmr pulling continuous u-

nidirectional solidification process ; that the te mperature distribution in the mold wall reflects that of the molten

metal in the mold, thus the te mperature distribution in the mold wall can be used to control the electricslag

induction continuous unidirectional solidification process ; and that the mutual matching of the technological pa-

rameters is the key to stabilize the solidification process .
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1 INTRODUCTION

The continuous unidirectional solidification
technology , which is established by combining
the unidirectional solidification with continuous
casting , provides a new approach for the study of
solidification theory and the development of new
materials . Its emergence also marks the begin-
ning of a new stage of the solidification technolo-
gy . There appear two different continuous unidi-
rectional solidification approaches supported by
two different formation theories of equiaxed

zones reSpectively[ 2]

. One is the high te mpera-
ture gradient approach proposed by Fle mings et
al”® | in which the depth of the molten metal is
reduced to approach me mbrane so as to raise the
te mperature gradient in the melt before the solid
liquid interface , thus avoiding the formation of

new nuclei. The other is OCC approach invented

by Ohno[4], in which the temperature of the
mold is heated to be slightly higher than the
melting point of the cast metal to prevent the
nucleation on the mold wall in the solidification
process so as to avoid the formation of equiaxed
grains , and make the melt solidify promptly as it
is divorced from the outlet of the mold. Both the
high te mperature gradient approach and the OCC
approach can realize continuous unidirectional so-
lidification . Particularly , the OCC approach has
been used to produce shaped materials with good
surface brightness, complex cross-sections and
unidirectionally solidified microstructures and
without limit of length!®-1. But for the solidifi-
cation of ferrous metals and high melting-point
nonferrous metals and alloys, both approaches
leave room for improve ment to some extent in
melting , refining , heat preservation and contin-
uous supply of melt and process control .

@® Project BJ96 - 02 - 11 supported by the Metallurgical Industry Bureau of China

Received Sep .8, 1998 ; accepted Nov.10, 1998



< 494

Trans . Nonferrous Met. Soc. China

Sep. 1999

In the light of the proble ms existing in the
continuous unidirectional solidification process at
the present, an electric-slag induction continuous
unidirectional solidification approach has been
proposed. This process possesses the advantages
of electroslag remelting, induction heating,
continuous casting and unidirectional solidifica-
tion, and can steadily and continuously provides
heating , melting , refining and heat preservation
simultaneously. Therefore, it is not only favor
able to obtain high-quality molten metal and rela-
tively high temperature gradient, but it can
widen the scope of the unidirectionally solidified
alloys . This paper aims to study the whole solid-
ification of the QAI9-4 Cu Al alloy by using this
new continuous unidirectional solidification e-
quipment so as to promote the further develop-
ment of the continuous unidirectional solidifica-
tion technology .

2 EXPERI MENTAL

The schematic diagram of the electric-slag
induction continuous unidirectional solidification
equipment is show in Fig .1 . It is mainly com-
posed of electro-slag re melting syste m , induction
heating system, cooling system , pulling system ,
controlling system and electrical system. The
electro-slag system melts and refines the metal or
alloy, preserves the heat and continuously sup-
plies melt; the induction heating system heats
the mold, makes its temperature be slightly
higher than the melting point of the cast alloy so
as to avoid nucleating on the mold wall, andad-
justs the te mperature distribution on mold wall ;
the heated mold and the strong heating and cool-
ing syste ms creat the conditions for unidirection
al solidification; the pulling system draws the
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Fig.1 Sche matic diagram of electroslag induction continuous unidirectional solidification
1 —Consumable electrode ; 2 — Graphite electrode ; 3 —Rod slag ; 4 —Crucible ; 5 — Mold ; 6 — Molten metal ;
7 —Inductor coil ; 8 —Graphite ; 9 —Liquid-solid interface ; 10 — Waterspraying nozzle ; 11 —Pulling device ;

12 —Ingot ; 13 —Brush; 14 —Displace ment sensor; 15 —Ingot bar; 16 —Transformer; 17 —Thermocouple ;

18 — Multipoint equilibrium recorder; 19 —Infrared ray te mperature- measuring instrument
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ingot bar from the mold so as to realize continu-
ous casting ; the infrared ray thermosistor, the
te mperature-controlling thermocouple and the
displace ment sensor are used to control and mon-
itor the whole process. The QAI9-4 Cu Al alloy
was unidirectionally solidfied by the equipment
as shown in Fig.l . The electricslag is CaF, and
NaF in a mass ratio of 80: 20171,
the electric-slag furnace is 24 V.

The voltage of

3 RESULTS AND DISCUSSION
3.1 Control of electro slag induction continu
ous unidirectional solidification process
In the continuous unidirectional solidifica-
tion process, the te mperature distribution along
the central axis of the mold can sufficiently de-
termine the position of the solid-liquid interface
which is imperative to the steady progress of the
solidification process. For this reason the ther

mocouple is fixed in special ingot-leading rod and
1400

1200

located on the central axis of the mold entrance .
In the solidification process, the thermocouple
moves synchronically with the ingot-leading rod,
thus it can measure the distribution of te mpera-
ture along the height in the central axis . The re-
sults are shown in Fig .2 . However, this method
can not be used to control the steady progress of
the solidification process, and it is necessary to
find more practical controlling methods. Fig.2
also presents the te mperature distribution 2 mm
from the inner wall of the mold under the same
conditions . It is thus clear that the te mperature
at this position is very similar to that of the melt
in the mold. Although the height of the solid
liquid position reflected by the former is slightly
lower, the difference is very small . Figs .3 and 4
present several te mperature gradients in the mold
wall and the solid-liquid interface positions deter-
mined by the temperature distribution of the
melt along the central axis and the te mperature
distribution in the mold wall. It is thus evident
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Fig.2 Temperature distributions in QAl9-4 electricslag induction continuous
unidirectional solidification process
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Fig .3 Temperature gradient of wall of mold
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Fig.4 Temperature gradient of
molten metal and wall of mold
1—I1=300A, Q=1000L*h"', R=0.09mmes '
2—1=200A, Q=800L*h"', R=0.24mmes '
3—I1=200A, Q=800L*h ', R=0.42mm*s ';
4—1=200A, Q=800L+*h"', R=0.50mm*s ';
5—1=200A, Q=1200L*h"', R=0.30mme*s™';

6 —1=200A, Q=600L+h"', R=0.54 mm*s"'

from the above results that the approximate posi-
tion of the solid-liquid interface can be conve-
niently determined by the te mperature distribu-

tion in the mold wall , and inductly controlled by
adjusting the temperature distribution in the
mold wall .

3.2 Effects of technological parameters on po-

sition of solidt liquid interface

In the continuous unidirectional soliditica-
tion process , the position of the solid-liquid in-
terface affects the stability of the solidification
process and the solidification quality , and itself is
affected by the other technological parameters .
When the output power of the high frequency in-
duction is definite , the effects of current I, cool-
ing water flow rate Q, cooling distance & (from
the upper fringe of the waterspring zone to the
mold outlet) and pulling rate R, which are indi-
rectly obtained from the te mperature distribution
in the mold wall, are shown in Fig.5. These
curves reflect the effect tendencies of the techno-
logical parameters on the solid-liquid interface .
The causes of their effects can be analyzed as fol-
lows. 1) The smaller the cooling distance, the
larger the cooling intensity , the heat in the metal
and the mold is rapidly transferred out through
the solidified solid phase, as a result the solid
liquid interface is forced to move upward. 2)
The current leads to the rise of the te mperature
of the melt, and that of the mold through the
heat transfer from the melt to it, thus lowering
the solid-liquid interface . 3) The coefficient of
heat transfer between the cooling water and in-
got bar is proportional to 2/3 power of the cool-
ing water flow rate Q%) therefore when Q
reaches a certain large value, the increase of
cooling ability slows down with increasing Q
value . 4) The change of the pulling rate does not
increase or decrease the heat in the whole sys-
te m, but its increase makes the high te mperature
molten metal flow down, and consequently in-
crease the te mperature of the mold wall, thus
making the solid-liquid interface move down-
ward. The above effect laws of the technological
parameters are important to quantitatively ex-
plain the effects on the solidification process of
single parameters, especially those of the alloys
with small heat transfer coefficients. However,
the effects of the various technological parame-
ters on the position of the solid-liquid interface
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Fig .5 Effects of craft parameters on
height H of liquid-solid interface
(a) —Q=1200L*h"',6=20mm, R=0.24 mmes™ ' ;
(b) —I=100A, 6=20mm, R=0.24 mmes™ ! ;
(¢) —Q=1200L*h"', I=100A, R=0.24mmes '
(d) —Q=1200Lh"', 6=20mm, I=100A

are not completely independent, there exist in-
ternal relations between them determined by the
te mperature distribution of the system . The gen-
eral relations between the technological parame-
ters in the unidirectional solidification process
have been described by the authors in Ref.[9],
theoretical analyses and calculations of the inter

nal relations between the technological parame-
ters in the electricslag induction continuous uni-
directional solidification process will be reported
elsewhere .

The change of the height of the solid-liquid
interface comprehensively reflects the effects of
various technological parameters, therefore the
mutual matching of them plays a key role in the
electricslag induction continuous unidirectional
solidification process .

3.3  Unidirectionally solidified microstructure
by electro slag induction continuous uni-
directional solidification

Fig .6 shows the low- magnification micro-
structure and interface shape of QAI9-4 by elec-
tricslag induction continuous unidirectional so-
lidification, while Fig. 7 shows the metallo
graphs of QAI9-4 at different currents. In the
growth process of the columnar grains, their
growth direction is decided by the direction of
heat transfer and normal to the solidliquid inter-
face . This relation is used by Ryuji et all’®1 ¢o
deduce the shape of the solidliquid interface in
the solidification process. Fig.6(a) reveals that

there exists a small angle between the growth di-

rection of the columnar grains and the pulling di-

rection and the solidliquid interface presents a

little famrlike shape . Fig.6(b) sche matically de-

scribes the shape of the solid-liquid interface at
this moment, and it is thus clear that the solid
liquid interface protrudes toward the molten
melt . This agrees with the height difference be-
tween the positions of the solid-liquid interface at
the ingot center and fringe as shown in Fig .2 . It
is very important to control the solid-liquid inter-
face to be planar or slightly protrude toward the
molten melt in the continuous unidirectional so-
lidification process so as to obtain excellent unidi-

rectionally Fig. 7

shows that the metallographs of QAl9-4 prepared

solidified microstructure .

by the electricslag induction continuous unidi-
rectional solidification process are typical unidi-
rectionally solidified microstructures .

Fig .8 gives a photograph of the real object
of QAI9-4 ingot bars produced by the electric
slag induction continuous unidirectional process .
It is thus clear that its surface quality is similar
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Fig.6 Microstructures and interface shape of QAl9-4 prepared by electric-slag induction
continuous unidirectional solidification
(a) — Microstructures ; ( b) —Liquidsolid interface shape

Fig .7

Metallographs of QAI9-4 prepared by electric-slag induction

continuous unidirectional solidification
(a) —I=100A;(b) —I=300A;(c) —1=600A

to that of OCC approach, namely, this approach
can be used to produce ingot with good surface
brightness .

3 .4 Revitalization of down pulling continuous
unidirectional solidification process

In the OCC approaches, the dowmr pulling
process has most strong points, but the easy oc-
currence of leaking out in this process makes it
almost impossible to control the solidification
process , therefore it was discarded by its inven-
tor not long after its e mergence . This is due to
the facts that there does not exist te mperature
gradient in the mold wall in the OCC approach-
es , and that the solid-liquid interface is located

outside the mold outlet , the height of the inter
face is not allowed to fluctuate . While in the so
lidification process proposed by the authors,
there is a proper temperature gradient in the
mold wall and the mold presents a regular cone
shape , therefore the solid-liquid interface is auto-
matically located at where the te mperature of the
inner mold wall equals the melting point of the
cast metal or alloy and a me mbrane connection is
formed between the solidified solid phase and the
mold wall, as shown in Fig.9 . Thus the height
of the solid-liquid interface is allowed to fluctuate
in a large range and it is not easy to create leak-
ing out, meanwhile, the surface quality of the
ingots can be guaranteed. When the taper of the
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Fig.8 Bar of QAI%-4 prepared by
electric-slag induction continuous
unidirectional solidification

I PV (SR

Fig .9 Sche matic diagram of continuous
unidirectional solidification process
1 — Molten metal ; 2 —Mold; 3 —Liquid me mbrane ;
4 —Liquid-solid interface ; 5 —Ingot

mold is not properly controlled, there indeed
easily occurs unstability of cross-section dimen-
sions . This unfavourable effect can be reduced to
the minimum degree by adjusting the taper of
the mold. Therefore , the e mergence of the elec-
tro-slag induction continuous unidirectional solid-
ification process and promotes the continuous u-

nidirectional solidification to be used for the so-
lidification of various kinds of high point metals
and alloys .

4 CONCLUSIONS

(1) The electroslag induction continuous
unidirectional solidification equip ment can steadi-
ly realize the continuous unidirectional solidifica-
tion of QAI9-4 alloy, and revitalize the dowmr
pulling continuous unidirectional solidification
process .

(2) The temperature distribution along the
inner wall of the mould can approximately reflect
the te mperature distribution of the melt in the
mold. It is feasible that the electro-slag induction
continuous unidirectional solidification process be
controlled by the te mperature distribution along
the inner wall of the mold.

(3) The mutual matching of the technologi-
cal parameters is the key to stabilize the electro
slag induction continuous unidirectional solidifi-
cation process .
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